AB S T RA C T : Poly(ethylene glycols) of molecular weights 200 to 20000 were strongly adsorbed on montmorillonite from aqueous solution. Free energies of adsorption calculated from the adsorption isotherms became more negative with increase in molecular weight and the entropy change became increasingly positive, probably due to a net desorption of water from the clay surface as the organic compound was adsorbed. The adsorption of the higher molecular weight polymers caused an increase in the interlamellar separation. The effect of the exchangeable cation on the adsorption followed the order Cs > Na > Ca > A1, indicating that the cation retained its hydration shell and did not form a direct association with the adsorbed organic molecules. Some evidence was obtained that 'water bridges' were formed between exchangeable calcium an aluminium ions and the ether groups of the polymers.
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I N T R O D U C T I O N
The adsorption of organic compounds on clay minerals has been widely studied . However there have been few studies where adsorption isotherms were obtained for pure uncharged organic compounds on the mica type minerals (Brindley & Rustom, 1958; Hoffmann & Brindley, 1960; Greenland, 1963; Schott, 1964) . The most detailed studies have been on compounds of molecular weights less than 300 or greater than 20000. In studies of the adsorption of poly(vinyl alcohols) by montmorillonite (Greenland, 1963; Emerson & Raupach, 1964) it has been suggested that the observed strong adsorption is due to hydrogen bonding of the alcohol groups to the oxygen atoms of the surface. The possible contribution of the entropy factor in the adsorption of such uncharged molecules has been suggested by Koral, Ulman & Eirich (1958) and the contribution of the entropy factor to the adsorption of the glycine polymers in the molecular weight range up to 250 has been determined experimentally (Greenland et aI., 1965) . To obtain further information regarding the relative importance of hydrogen bonding and ion-dipole interactions, and of the entropy factor in the adsorption of uncharged organic polymers by clays, the adsorption of a range of poly(ethylene glycols), HO. (CH_o. CH2. O)n. CHz. CH2. OH, has now been studied.
EXPERIMENTAL

Materials
The montmorillonite came from the John C. Lane Tract, Upton, Wyoming and was a sample of the standard clay mineral number 25b, of the American Petroleum Institute, project 49. The composition of the clay is given as (Si8.~2Alo.o8) (Al~.~Feo.~sMgo.~3) (OH)~(O~o).
[ [ 3% of quartz was present as Ca an impurity. Nao.27 20.03
The clay was gently hand-ground and a suspension containing 2 g in 10 ml of water prepared. The fraction less than 2 microns equivalent spherical diameter was separated by sedimentation and decantation. The clay was washed with 1 N sodium chloride at pH 3 to reduce the exchangeable aluminium ions to a low level, with sodium chloride solution at pH 5.5 and finally with distilled water until the clay dispersed. The preparation of all clays was similar to this point. Sodium montmorillonite was prepared by continuing the washing with distilled water until the resistance of the suspension was of the same order as distilled water. During the washing procedure the suspension was centrifuged at 38000 g for 20 min. Caesium, calcium and aluminium montmorillonites were prepared by washing the dispersed suspension (200 ml, 1%) with the appropriate chloride solution (200 ml, 1 N) three times. Excess salt was again removed by washing with distilled water. The chlorides were of A.R. quality.
The aluminium montmorillonite, which was chosen to represent an acid system, was used within two weeks of preparation. The pH of the 0"5 % suspension was 5"0.
The surface area of the montmorillonite calculated from the area of the basal surfaces of the unit cell, 2 • 46A 2, and the unit cell weight, 765, was 725 m 2 g-1 expressed on the basis of the sodium clay free from interlamellar water. 100 m-eq of exchangeable sodium were present per 100 g of the sodium montmorillonite and 94 m-eq of calcium per 100 g of calcium montmorillonite.
The illite sample from Fithian, Illinois was purchased from Ward's Natural Science Establishment Inc. (A.P.I. ref. no. 35) . The clay was sodium-saturated prior to separation of the less than 2/~ fraction. Subsequent preparation of the sodium and calcium saturated clays was by methods similar to those used for montmorillonite. A small amount of chlorite impurity was present. The surface area was 93 m 2 g-1 obtained by nitrogen adsorption and 96 m 2 g-1 as determined by cetyl pyridinium bromide adsorption (Greenland & Quirk, 1964) .
Poly(ethylene glycols) with average molecular weights 200, 300, 400, 600, 1500 and 20000 were used. All poly(ethylene glycols) (PEG) were obtained from L. Light, Colnbrook, except for PEG 1500 from BDH and PEG 400 from Shell. The molecular weight distribution of PEG 200 determined using G-10 Sephadex showed that it contained about 50% of the material of molecular weight 196, and equal quantities of material with molecular weights 152 and 220. The sample of tetra-ethylene glycol was obtained from Fluka AG, Chemische Fabrik (grade puriss).
Methods
Adsorption isotherms were determined by mixing 2 ml portions of clay suspensions with 2 ml of polymer solutions of different concentrations in polystyrene tubes. A preliminary experiment showed that for PEG 600 on Ca-montmorillonite no further adsorption took place after two hours' shaking. Normally the tubes were shaken for 16 hr at 25~ to ensure equilibrium was reached. For PEG 20000 a shaking period of one week was required. After equilibration the samples were centrifuged at 38000 g for 20 min in a Lourdes centrifuge at 25~ + 1~ in capped tubes. One ml of the supernatant was removed and the polymer concentration determined by wet oxidation with standard dichromate. Each adsorption experiment was performed in duplicate. For the smaller polymers adsorption'isotherms were also obtained at 2~ and the samples were centrifuged at this temperature. The error in each determination was less than 1%, which corresponds to a maximum error of 10% in the estimate of the amount of polymer adsorbed. The experimental error is much smaller where there is higher adsorption.
The determined adsorptions are apparent since the adsorption of solute caused the desorption of solvent which in turn diluted the bulk solution. However this dilution effect is small at these concentrations (<0.2%) and may be neglected.
Amounts of polymer adsorbed are expressed as g per 100 g clay, dried for 16 hr at ll0~
Errors due to incomplete drying of the different clays are smaller than those due to experimental determination of the isotherms.
Desorption was attempted by washing 40 mg of the adsorption product three times with 2 ml of distilled water at 25~ and determining the PEG concentration in the washings.
The micro-calorimeter described by Kijne (1968) was used to determine the heat of adsorption of PEG 300 on sodium montmorillonite. Five ml polymer solutions (8 % wv -1) were broken into 100 ml of sodium montmorillonite suspension (0.4 % wv-1). The heat of dilution was determined in a separate experiment. Changes corresponding to the evolution or absorption of 0'01 cal per g of clay could be detected.
X-ray diffraction traces were obtained from samples spread on ceramic tiles previously soaked in water and covered with a thin sheet of polythene. Iron-filtered Co radiation was obtained from a Phil ips PW 1009 generator and the samples were examined with a PW 1005 17 cm radius diffractometer.
RESULTS
The adsorption isotherms are presented in Figs 1-5. The adsorption of PEG 600 on calcium montmorillonite at 2~ did not differ measurably from that at 25~
Although attempts to desorb the smaller polymer revealed hysteresis in the Isotherms for the adsorption of PEG 300 on Ca illite, t, and Na illite, O, at 25~ adsorption process, more than 80% of PEG 300 could be removed from calcium montmorillonite by washing with distilled water (Table 1) . PEG 20000 could not be removed at all. Silberberg (1962) has reported that this apparent lack of reversibility is often found for large polymers. The basal spacings for the clay pastes obtained from the suspensions at concentrations corresponding to the start of the plateaux of the isotherms are given in Table 2 . With the polymers of higher molecular weight the basal spacing was greater than 19.0 A. When 10 g of PEG 300 were adsorbed by 100 g of aluminium montmorillonite the basal spacing of the wet complex was 20.5 A. 
Effect of Molecular Weight
The affinity of the poly(ethylene glycols) for the clay surface, as indicated by the initial slope of the isotherm, increased with molecular weight. The adsorption isotherms of PEGs 200 to 400 are linear C type isotherms (Giles et al., 1960) . PEGs 600 and 1500 show L-type isotherms and an H-type isotherm was obtained for PEG 20000. The linear isotherms obtained for the lower molecular weight materials did not arise from the molecular weight distribution of the materials, as a similar linear isotherm was obtained for the adsorption of the pure sample of tetraethylene glycol (Fig. 1) . The change from linear to L-type 'isotherms coincides with the change in conformation of the molecules in solution from linear to a random coil.
If the adsorption process is represented by Ab +B8 -. ~ A~ +Bb where the subscripts b and s refer to the bulk and surface phases respectively the equilibrium constant, Ka, is given by where a~, a~, a~, and a~ are the activities of polymer in the bulk and in the surface phases and of water in the bulk and surface phases respectively, and r is the size ratio of polymer to water (Everett, 1965) .
Since aa = CaYx and a~ = C~B
ga = tc]J t~]) \C[3/I \y~/I
c,~ is, experimentally, constant When the adsorption follows a linear isotherm (Kin), so that Ka = Kra • constant. Values for concentration in the surface phase depend on the thickness and orientation of the adsorbed layer. For calcium montmorillonite the basal spacing of the clay-polymer adsorption product in the suspension was 19-0 A. Since the thickness of the alumino-silicate sheets is 9"5 A, the interlamellar separation is also 9.5 A. If it is assumed that this separation represents the sum of the depths of the Stern layer on each surface, the total volume of the Stern layer can be calculated using the total surface area value of 725 m 2 g-1 and the Stern layer thickness of 4.75 A. Surface concentrations are thus determined with some basis other than a completely arbitrary choice of volume. --AGm=RT In Kin, and are given in Table 3 .
To calculate AG '~ for the adsorptions of PEG 600 and PEG 400 at 2~ a linear approximation to the initial parts of the appropriate isotherms has been made.
Adsorption energies per segment between 300 and 500 cal are obtained. These are of the same order as van der Waals adsorption forces. PEG molecules are known to be linear up to a degree of polymerization of 12 (Schick, 1967) and since the surface of montmorillonite is nearly planar, many van der Waals contacts are possible.
The enthalpies of adsorption (Table 3) were calculated from the van't Hoff equation. The entropy changes on adsorption were determined from the relationship AG = AH--TAS assuming ~H and AS were constant over the temperature range 2~ to 25~ The results in Table 3 demonstrate that the enthalpy changes were negative with the smaller polymers and zero for PEG 600, and the entropy became larger with increasing molecular weight. The change in enthalpy for the adsorption of PEG 300 on sodium montmorillonite determined by calorimetry was --3"0+_2.0 K cal mole -1, which confirms the small negative enthalpy change derived from the isotherm data.
One factor giving rise to a positive entropy change is the desorption of water molecules as polymer is adsorbed. The volume occupied by one PEG segment was estimated, from a scale model with van der Waals radii, to be 61 A s and knowing the volume of the interlamellar region the volume of water transferred to the bulk phase was calculated (Table 1 ). The volume of water displaced increased with the size of polymer. The desorbed water gains one translational degree of freedom and since, as the molecular weight of the polymer increases more water is displaced per mole of polymer adsorbed, the entropy change becomes more favourable to adsorption as the size of the PEG molecule increases. Approximately nine water molecules are displaced by one PEG 300 molecule and twelve by PEG 400. Changes in vibrational and rotational entropy are relatively small compared with translational changes. Other contributions which could give rise to the favourable entropy term are a net loss of solvent associated with the polymer and the entropy of polymer dilution. The entropy of solution of PEG 300 in water is small and negative (Malcolm & Rowlinson, 1957; Bailey & Callard, 1959) . Hammes & Schimmel (1967) using an ultrasonic attenuation technique found that the amount of water associated with PEG 600 is much less than PEG 7000, the relaxation time being shorter. This would suggest that with smaller PEGs the entropy of dilution and entropy change on release of the polymer solvation shell are quite small compared with entropy gain associated with desorption of water from the interlamellar region of the clay.
For the adsorption product obtained for calcium montmorillonite and PEG 200 the wet basal spacing was 18.0 A, corresponding to a decrease of i A in the separation due to adsorption of the PEG. The number of water molecules desorbed per PEG 200 molecule adsorbed was approximately six. In spite of this the entropy change for this the smallest of the molecules studied was negative.
Effect of Exchangeable Cation
To calculate relative thermodynamic data for the adsorption of PEG 300 by montmorillonite and illite when different exchangeable cations were present a similar procedure to that described above has been used. It was necessary to use a linear approximation to the initial parts of the isotherm for adsorption on sodium and aluminium montmorillonite at 2~ The data in Table 4 have been calculated on the basis of a Stern layer depth of 4.75 A for calcium montmorillonite and 5"5 A for aluminium montmorillonite, the greater depth for the aluminium clay corresponding to the greater observed basal spacing. This difference in depth of the Stern layer corresponds to a difference in AG '~ of only 200 cal mole -1.
Caesium montmorillonite dried over PzO5 had a basal spacing 11"9 A and when dried in the presence of PEG 300 had a spacing of 12.1 A. If PEG 300 was intercalated the spacing would be at least 13,3 A (Schott, 1964) . Therefore it must be absorbed only on the external surfaces. The extent of these was taken as 150 m: g-l, corresponding to the surface area of caesium montmorillonite determined by nitrogen adsorption.
In the following discussion it is assumed that the constant in the equation
does not vary significantly for montmorillonites saturated with different exchangeable cations. The enthalpy changes are more reliable than values of ~XG '~ and AS since the constant will largely cancel in the calculation of •H. The non-standard free energies of adsorption of PEG 300 on montmorillonite follow the order --AG%s ~ --AG'~ ~ --AG'%~ ~ --AG'%~ (Table 4) . If ion dipole interactions were controlling the reaction then the more polarizing cations would cause stronger adsorption and the reverse order would be obtained. These results show that direct interaction between the exchangeable ions and PEG molecules is not responsible for the adsorption, presumably because the cations retain their hydration shells.
The enthalpy changes become more favourable as the polarizing power of the exchangeable cation increases. The enthalpy change per segment varies from --350 cal on aluminium montmorillonite to zero on caesium montmorillonite. This indicates that only weak bonds are involved, possibly between the ether oxygen atoms and water molecules in the primary hydration shell of the exchangeable cations, to give a water bridge.
The results in Table 4 show that entropy change for the adsorption of PEG 300 on different montmorillonites follows the order aScs > AS~ ~ ASc~ > ASA1. As discussed above a favourable contribution to the adsorption energy arises from the entropy gain associated with displacement of water.
The aluminium montmorillonite swells to 20"5 A when PEG 300 is adsorbed. The volume of water displaced was 0.021 cm 3 g-t. Thus, less water is desorbed from aluminium montmorillonite than from calcium montmorillonite and a smaller contribution to the favourable entropy term must result.
The non-standard free energies of adsorption on illite were calculated using a Stern layer volume of 0.045 cm ~ g-~. The free energy of adsorption on sodium illite was slightly less than on sodium montmorillonite but for the calcium systems the adsorption was stronger on the illite (Table 4) . Greenland, Laby & Quirk (1965) have shown that if the exchangeable cations are considered as a solution in the Stern layer the adsorption of organic molecules can be considered in terms of 'salting in" and 'salting out' effects. The sample of illite used has a higher surface density of charge than the montmorillonite and an increased concentration of cations in the Stern layer (5"7 N as compared with 2.5 N). The observed differences in adsorption behaviour may be explained by the effects of this difference in concentration.
CONCLUSIONS
Polyethers are strongly adsorbed from aqueous solution by montmorillonite. The principal contribution to the adsorption energy arises from the entropy gain associated with the desorption of several water molecules for each polymer molecule adsorbed. Enthalpy changes associated with the adsorption process are small, except when aluminium is the principal exchangeable cation. 'Water bridges' are then formed between the water molecules of the hydration shell surrounding the aluminium ion and the oxygens of the polyether molecules.
